Malformations of cortical development (MCDs) are commonly complicated by intractable focal epilepsy. Epileptogenesis in these disorders is not well understood and may depend on the type of MCD. The cellular mechanisms involved in interictal and ictal events are notably different, and could be influenced independently by the type of pathology.We evaluated the relationship between interictal and ictal zones in eight patients with different types of MCD in order to better understand the generation of these activities: four had nodular heterotopia, two focal cortical dysplasia and two subcortical band heterotopia (double-cortex). We used the non-invasive EEG-fMRI technique to record simultaneously all cerebral structures with a high spatio-temporal resolution. We recorded interictal and ictal events during the same session. Ictal events were either electrical only or clinical with minimal motion. BOLD changes were found in the focal cortical dysplasia during interictal and ictal epileptiform events in the two patients with this disorder. Heterotopic and normal cortices were involved in BOLD changes during interictal and ictal events in the two patients with double cortex, but the maximum BOLD response was in the heterotopic band in both patients. Only two of the four patients with nodular heterotopia showed involvement of a nodule during interictal activity. During seizures, although BOLD changes affected the lesion in two patients, the maximum was always in the overlying cortex and never in the heterotopia. For two patients intracranial recordings were available and confirm our findings. The dysplastic cortex and the heterotopic cortex of band heterotopia were involved in interictal and seizure processes. Even if the nodular gray matter heterotopia may have the cellular substrate to produce interictal events, the often abnormal overlying cortex is more likely to be involved during the seizures. The non-invasive BOLD study of interictal and ictal events in MCD patients may help to understand the role of the lesion in epileptogenesis and also determine the potential surgical target.
Introduction
Malformations of cortical development (MCDs) are a frequent cause of intractable epilepsy (Palmini et al., 1991; Raymond et al., 1995) . Patients with MCD can present a large variability in clinical signs with either symptomatic generalized, multifocal or focal seizures. The main MCD classification is based principally on anatomical findings. Three groups are usually distinguished (Barkovich et al., 2001) : (i) abnormalities of neuronal and glial proliferation and differentiation (e.g. focal cortical dysplasia, hemimegalencephaly); (ii) abnormalities of neuroblast migration (e.g. subcortical band heterotopia or the double-cortex syndrome, periventricular and subcortical nodular heterotopia); (iii) abnormalities of cortical organization (e.g. polymycrogyria). Mechanisms of epileptogenesis of these MCDs are not fully understood. Intrinsic epileptogenesis is characteristic of focal cortical dysplasia with the occurrence of a typical rhythmic epileptiform discharge (Chassoux et al., 2000; Palmini et al., 2000; Rosenow et al., 2001) , but this is not the case with the other types of MCD. Surgical decision may be difficult and surgical outcome remains poor for many patients with intractable epilepsy due to MCD (Palmini et al., 1991; Hirabayashi et al., 1993; Dubeau et al., 1995; Raymond et al., 1995; Li et al., 1997; Wyllie et al., 1998; Aghakhani et al., 2005) . The challenge in these patients is to define accurately the epileptogenic zone. Because the usual noninvasive methods are often not sufficient to define it, intracerebral EEG recordings are then performed to specify which structures are involved in the seizure onset. However, invasive techniques have major limitations. They expose the patients to a surgical risk, they are costly and timeconsuming and they may be inaccurate or blind to the epileptic focus because of the limited amount of brain that can be investigated.
Combined EEG and functional magnetic resonance imaging (EEG-fMRI) recording has shown the ability to identify generators of interictal epileptiform events that define the irritative zone . This tool is especially efficient in the case of cortical lesions and previous studies on MCD patients have shown consistent results Diehl et al., 2003; Salek Haddadi et al., 2003b , 2006 Federico et al., 2005a; Kobayashi et al., 2005 Kobayashi et al., , 2006a . The lesion was often involved in the process of spike generation in focal cortical dysplasia and double-cortex patients. On the other hand, for patients with gray matter nodular heterotopia the findings were more inconsistent, the nodule being involved or not, in association with the overlying cortex, in the generation of epileptic activity. Interictal and ictal events have different mechanisms of generation (de Curtis and Avanzini, 2001 ) and irritative and seizure onset zones could be different. EEG-fMRI has only been used in a few cases during ictal events (Salek-Haddadi et al., 2002 , 2003a Federico et al., 2005b; Bonaventura et al., 2006; Di Bonaventura et al., 2006; Kobayashi et al., 2006b) . It presents the advantage of being a safe tool to explore the whole brain and to investigate the irritative zone but also the epileptogenic zone.
In order to better understand mechanisms of epileptogenicity in MCDs, we compared BOLD signal changes induced by interictal and ictal epileptiform discharges in a series of epileptic patients with focal cortical dysplasia, gray matter nodular and band heterotopia.
Methods Subjects
From the EEG-fMRI database of the Montreal Neurological Institute (November 2003 -December 2007 , including 159 patients), we selected the eight epileptic patients with MCD and both interictal and ictal events recorded during the same EEGfMRI: four had a nodular gray matter heterotopia, two a focal cortical dysplasia and two a double cortex (Tables 1 and 2 ). One patient was recorded twice (pt 1) and results have already been published (Kobayashi et al., 2006b ). Patients had a low-average intelligence quotient and no predisposing factor such as febrile convulsion, and no history of head trauma, encephalitis or meningitis. One patient (pt 3) had surgery prior to the study. Patients recruited for this database had focal epilepsy with clear EEG interictal epileptiform activity. The EEG-fMRI was done for research purposes and patients were not necessary surgical candidates. Only two of them, Patients 4 and 5, were recorded at the time of presurgical exploration before intracranial study. Patients participated in the research study after giving their written informed consent, according to a protocol approved by the ethics committee of the Montreal Neurological Institute and Hospital. All EEG-fMRI recordings were done following the same protocol. We did not try to induce seizures and especially no sleep deprivation or drug reduction was performed specifically for the test.
Detailed medical history for Patients 4 and 5
Patient 4 was a 23-year-old right-handed man investigated for a refractory seizure disorder starting at age 14 years. His typical attacks were preceded by an aura consisting in a 'déjà vu' and 'déja vécu' sensation. Then he lost contact and stared with chewing movements. He was usually pale and mute, could also rub both hands together. He could deambulate if he was standing up. After the event, he had no recollection of the event and no speech deficit. The events lasted in average 1 min. On scalp EEG, independent interictal epileptiform abnormalities were seen in both temporal regions (maximum over F8-T4 and F7-T3). The MRI showed a gray matter heterotopia, bilaterally extending from the anterior temporal horn toward the atrium and posterior to the occipital lobe. The neuropsychological evaluation did not show evidence for temporal lobe impairment. This patient underwent an intracranial exploration with four depth electrodes on the left side and five on the right side (Fig. 1) . We targeted the amygdala (LA, RA), the hippocampus (LH, RH), the posterior hippocampus (RP), the trigonal area and supramarginal gyrus (LT, RS) and the occipital lobe (LO, RO). LH (contacts 2-3), RH (contacts 3-4), RP (1-2), LT (contacts 1-2), RS (1-2), LO (contacts 1-2) and RO (1-2) reached a nodule. Interictal discharges were recorded independently in both hippocampal formations and amygdalae. The right-sided interictal events sometimes spread to the overlying temporal neocortex. None of the contacts placed in or in close proximity to nodular heterotopia showed interictal events. We recorded 18 seizures (9 clinical). Electrical seizures originated as often from the right hippocampus as from the left amygdala with propagation to the ipsilateral hippocampus. Clinical seizures were also recorded independently from both mesial temporal structures with predominance on the right side. Seizures from the right hippocampus propagated to the ipsilateral amygdala, the temporal neocortex and more posteriorly over the trigone, and eventually to the left side. Clinical seizures from the left amygdala propagated to the ipsilateral hippocampus ( Fig. 1 ) and in some cases posteriorly to the trigone. The nodular heterotopia were involved late and during the propagation only (over the trigone). In this case of severe bitemporal epilepsy, the right mesial temporal structures were removed (non-dominant side and more active) to reduce the number of seizures (palliative surgery). After 1 year the patient experienced a reduction of 40% in his seizures.
Patient 5 was an 11-year-old right-handed boy with intractable epilepsy starting at age 4 years. He presented daily seizures (20-30 per day in clusters) characterized by an aura of fear Mean AE SD 29 AE12.3 13,3 AE 6.3 R = right; L = left; Bil = bilateral; T = temporal; O = occipital; C = central; P = parietal.
followed by vocalization. In some cases we noticed a left eye and head deviation. The events lasted for 5-30 s. On scalp EEG we observed isolated or short bursts of spike and waves over the right frontal area, maximum at F4. Simultaneously with clinical events, a prolonged rhythmic discharge of spikes and waves was seen first over the right frontal region then propagating to the left frontal area. On MRI, an increase of grey matter thickness without abnormal MRI signal was observed at the bottom of the right frontal sulcus in the anterior cingulate gyrus. A dysplastic lesion was suspected. An ictal 99mTc-ECD SPECT (injection 1 s after seizure onset) showed a large activation in the right superior and antero-lateral frontal and parasagittal areas. A right frontal hypometabolism was seen in FDG-PET. The neuropsychological exploration reported language and attention deficits. An electrocorticography (ECoG) was performed during surgery ( Fig. 2) defining the seizure onset zone (short seizures were frequent during this 20 min recording) in the right anterior cingulate gyrus with propagation over the right frontopolar lobe. The data were collected using a 3 Â 8 and a 4 Â 8 grid placed respectively over the right frontopolar region and over the right side of the interhemispheric space. Contacts of the 3 Â 8 grid in front of the area of the anterior cingulate gyrus showed focal spikes. Contacts of the 4 Â 8 grid covering the right anterior cingulate gyrus showed prolonged rhythmic discharges. The patient underwent a right frontopolar resection including the suspicious sulcus. An ECoG was done around the scar and demonstrated the absence of epileptiform activity. Pathological analysis confirmed the dysplastic nature of the lesion. After 15 months the patient is still seizure-free.
EEG acquisition
The EEG acquisition was always performed with 25 MR compatible electrodes (Ag/AgCl) placed on the scalp using the 10-20 (21 usual electrodes without Fpz and Oz) and 10-10 (F9, T9, P9, F10, T10 and P10) electrode placement systems. The reference electrode was at FCz. Two electrodes located on the back recorded the electrocardiogram (EKG). To minimize movement artefacts and for patient's comfort, the head was immobilized with a pillow filled with foam microspheres (Siemens, Germany). Data were Mean AE SD 38 AE 27.5 7.2 AE 8.6 17.7 AE 20.5 s R = right; L = left; Bil = bilateral; T = temporal; F = frontal; C = central; P = parietal; O = occipital.
transmitted from a BrainAmp amplifier (Brain Products, Munich, Germany, 5 kHz sampling rate) via an optic fibre cable to the EEG monitor located outside the scanner room.
fMRI acquisition
Functional images were acquired using a 1.5 T MR scanner (Siemens, Sonata, Germany) for two patients (pts 1 and 2) and a 3 T MR scanner (Siemens, Trio, Germany) for the other six. A T 1 -weighted anatomical acquisition was first done (1 mm slice thickness, 256 Â 256 matrix; for the 1.5 T: TE = 9.2 ms and TR = 22 ms; for the 3 T: TE = 7.4 ms and TR = 23 ms; flip angle 30 ) and used for superposition with the functional images. The functional data were acquired in series of 6-14 runs of 6 min each using a T 2 Ã -weighted EPI sequence (voxel dimensions 5 Â 5 Â 5 mm 3 , 25 slices, 64 Â 64 matrix; for the 1.5 T: TE = 50 ms and TR = 3 s; for the 3 T: TE = 30 ms and TR = 1750 ms; flip angle 90
). The patients were at rest during the 2 h of recording session. No sedation was given.
EEG processing
Brain Vision Analyser software (Brain Products, Munich, Germany) was used for off-line correction of the gradient artefact (a) . Rhythmic short bursts of high-frequency oscillations started over LA1 and LA2 followed by an attenuation of the EEG signal dominated by this highfrequency activity. In LH1, LH2 and LH3 (2^3 probably in the nodule), a later attenuation of the background activity (arrow 2) followed by a 8 Hz spiking activity is observed. A regional 4 Hz discharge involved then all LA contacts and to a lesser extent the last LH contacts and later LT contacts. The seizure remained only on the left side with involvement of all the contacts (b). LA = left amygdala; RA = right amygdala; LH = left hippocampus; RH = right hippocampus; RP = right parahippocampus; LT = left trigonal area; RS = right supra marginal gyrus, LO = left occipital; RO = right occipital.
and filtering of the EEG signal. This software uses the method described by Allen et al. (2000) . It is based on the subtraction of the average signal obtained during the interval of the scanner artefact. A 50 Hz low-pass filter was also applied to remove the remaining artefact. The ballistocardiogram (BKG) artefact was removed by independent component analysis (ICA) .
A neurologist reviewed the entire EEG recording and selected the epileptiform events. We defined as ictal each electrical event with clinical changes similar to those observed during typical clinical seizures. When clinical changes were absent or too subtle to be seen inside the scanner, we characterized as ictal each electrical discharge obtained inside the scanner similar (duration, propagation and morphological pattern) to those recorded outside the scanner. These events presented a longer duration and a clear electrical propagation pattern compared to the very brief and localized epileptiform abnormalities (interictal events). In the absence of a seizure outside the scanner for comparison, these last features were used as criteria to define the seizures recorded inside the scanner. The expert put markers corresponding to interictal and ictal events (timing and duration). The two upper rows of electrodes did not touch the brain (contacts in black). A spiking activity was clearly observed on the red contact, more diffuse over the contacts in pink. Rare spikes were noticed over the orange contacts. Pink and red contacts were in front or in close vicinity of the dysplastic sulcus. (B) A 4 Â 8 grid was inserted in the interhemispheric space in contact with the right anterior cingulate area. The last two rows of electrodes were curved and only one was in contact with the frontopolar area. Contacts in red showed prolonged rhythmic discharges of spike activity and were in front of the bottom of the dysplastic sulcus. In pink, contacts showed diffuse spiking activity.
fMRI processing
The EPI images were motion-corrected and smoothed (6 mm full width at half maximum) using the software package from the Brain Imaging Center of the Montreal Neurological Institute (http://www.bic.mni.mcgill.ca/software/). Temporal autocorrelations were accounted for by fitting an AR model of order 1 according to the methods of Worsley et al. (2002) , and lowfrequency drifts in the signal were modelled with a third-order polynomial fitted to each run. A regressor for each type of interictal spike and a regressor for ictal events (ictal events were grouped if they were similar) were built using the timing and duration of each event and convolved with four haemodynamic response functions (HFRs) with peaks at 3, 5, 7 and 9 s (Bagshaw et al., 2004) . All these regressors were included in the same general linear model. A statistic t-map was obtained for each regressor using the other regressors as confounds (a study was performed for each type of interictal event and for the group of similar ictal discharges) in the fMRI analysis (fMRIstat, Worsley et al., 2002) . At each voxel, the maximum t-value was taken from four individual t-maps created with the four HRFs. We compared in particular the location of the BOLD response due to interictal and ictal events in relation to the lesion.
The EPI frames were realigned together using a linear sixparameter rigid-body transformation (three translations and three rotations) to correct for movement effects. However, residual artefacts may still contaminate the fMRI data even after motion correction (Friston et al., 1996) . Therefore, the six parameters used for the realignment were also integrated in the analysis as confound regressors in the general linear model for the patients with clinical seizures.
EEG-fMRI analysis
To be significant, a response should have a minimum of five contiguous voxels with a t = 3.1, corresponding to P50.05 corrected for the multiple comparisons resulting from the number of voxels in the brain and the use of four HRFs. The t-map results were represented using the same types of scale: red-yellow scale corresponding to positive BOLD changes (activation) and bluewhite scale to negative BOLD changes (deactivation).
Results

Anatomical MRI findings
On the anatomical MRI obtained at the time of the fMRI study we confirmed the MCD lesions (Table 1) already observed after a complete MRI exploration (T1, T2, T2 Ã , flair, apparent diffusion coefficient) and analysed by a radiologist expert in epilepsy. In the four patients with nodular heterotopia (pts 1-4), two had bilateral and two unilateral nodules. The heterotopic gray matter was periventricular along the trigone, temporal and occipital horns and in one case (pt 1) was also subcortical. In three patients, the cortex overlying the heterotopia was also abnormal with increased thickness. In the two patients with focal cortical dysplasia (pts 5 and 6), one had only a discrete dysplastic lesion in the right anterior cingulate gyrus while the second had a lesion extending to half the left parietal lobe. Anatomopathology confirmed this latter abnormality after resection of the abnormal sulcus and of the overlying right frontopolar cortex. In the two patients with band heterotopia (pts 7 and 8), one showed an anterior and the other a posterior preponderance of the malformation.
EEG recordings: interictal and ictal epileptiform activity
For every patient we recorded interictal and ictal epileptiform events (Table 2 ) during the same recording. Five patients presented only one type of spikes, and three patients with bilateral lesions (pts 3, 4 and 7) had two types. The number of spikes recorded during the fMRI session ranged from 8 to 100 (average AE SD: 38 AE 27.5). Compared to the EEG recorded outside the scanner, the interictal events selected during scanning were similar for every patient (Tables 1 and 2) .
Three patients had a single seizure and the others had several ictal events ( Table 2 ). The seizures were either pure EEG events (41) or clinical-EEG events with minimal clinical manifestations (17). Because video was not always available inside the scanner we could have missed some of the clinical signs. Patient 3 reported an auditory distortion associated with his usual seizures (he never experienced seizures induced by sound, even during earlier MRI sessions). Patient 5 presented 15 similar events with a feeling of fear and the necessity to take a deep breath (visible on the online video). Patient 6 reported his typical semiology (no video available) with somesthesic sensations in the right elbow followed by right arm movements. Patients 1 and 3 did not have previous EEG recording of seizures outside the scanner and a comparison of the EEG signal could not be done. We recorded seizures for Patient 4 only during an intracranial study that was subsequent to scanning (see later). For the others, they showed during scanning the same EEG pattern as outside the scanner during their typical seizures (Tables 1 and 2 ). Patient 7 had only electrical seizures recorded in the scanner and they were shorter than the clinical ones recorded outside, but the EEG changes were similar at the onset.
BOLD responses
A BOLD response was observed in each study (100%). The maximum t-value, reflecting the highest correlation between BOLD changes and epileptic events, was larger for ictal (positive BOLD: 12.4 AE 5.3; negative BOLD: À11 AE 2.7) than for interictal events (positive BOLD: 6.3 AE 1.8; negative BOLD: À5.3 AE 2.5). We evaluated quantitatively this difference by performing a non-parametric comparison, which confirmed that maximum positive BOLD responses were significantly higher for ictal than interictal events (P = 0.012); similarly for negative BOLD responses (P = 0.018). This suggests a better correlation between the BOLD signal changes and the seizure time course and also a BOLD response with higher amplitude at the time of the seizure compared to the interictal events.
We analysed separately patients with nodular heterotopia, focal cortical dysplasia and band heterotopia. We compared in each the location of BOLD responses during interictal (Table 3 and Supplementary Table 1 ) and ictal events (Table 4 and Supplementary Table 2 ).
Nodular heterotopia
Interictal events
Six studies were performed considering that two of the four patients had two types of interictal events. Every patient had a positive and a negative BOLD response. Activation was seen in the heterotopia in three studies, in two this activation also involved the overlying cortex (pt 2 and pt 4, type 2) and in one only the heterotopia (pt 1). The lesion in focal cortical dysplasia and in band heterotopia is always involved by BOLD changes during interictal events generation. Results for patients with nodular heterotopia were more variable. Overl Cx = overlying cortex; Dist. = distant area; Y = significant BOLD changes observed in this area. The lesion in focal cortical dysplasia and in band heterotopia is always involved by BOLD changes during ictal events generation. Nodules were never involved by the larger significant BOLD changes (max t-value). Overl Cx = overlying cortex; Dist. = distant area; Y = significant BOLD changes observed in this area.
Epileptogenesis in MCDs with EEG-fMRI
For patient 3 (Fig. 3) , the activation involved the overlying cortex and distant cortical areas in the two types of events. The largest correlation between the BOLD signal and interictal events (maximum t-value) was obtained in the heterotopic area in only two of the six studies (pts 1 and 2) (Fig. 4) . Deactivation was found in regions adjacent or distant from the lesion, but never in the heterotopia. 
Ictal events
BOLD signal changes were also seen in every patient but were more widespread. A positive BOLD response involved the nodular heterotopia in two studies (pts 1 and 4). For every patient, activation was also or only observed in the overlying cortex (Figs 3 and 4) . The maximum t-value was always located in structures surrounding the nodular heterotopia, outside the lesion. Negative BOLD responses were always outside the heterotopia. They involved areas surrounding the previous described activation (pts 1 and 4) or distant from the lesion (pts 2, 3 and 4).
Focal cortical dysplasia
Interictal events
Two studies were done for this group (two patients, each having one type of event). A positive response, including the maximum t-value, involved the dysplasia in both cases. Patient 5 with a lesion in the anterior cingulate gyrus also presented an activation in the right frontopolar cortex (Fig. 5) , close to the lesion and connected with it. Patient 6 with a centroparietal dysplasia (Fig. 6) had, in addition to the activation in the lesion, an activation at a distant area in the left inferior frontal lobe, not directly connected with the lesion. Deactivation was obtained only for Patient 5 and in both cuneus, far from the right frontal lobe lesion.
Ictal events
An activation, including the maximum t-value, was seen in the lesion for both patients. In Patient 5 (Fig. 5) , activation was also observed in adjacent areas (R frontopolar and anterior cingulate areas). In Patient 6 (Fig. 6) , two other structures distant from the lesion were also involved (left rolandic and frontobasal areas). Deactivation was found in both patients but never in the lesion. In Patient 5, a negative response was observed in the adjacent orbitofrontal area and in the distant posterior cingulate, superior parietal and frontal areas and occipital regions. In Patient 6 a single zone of deactivation was seen distant from the lesion in the right frontopolar area.
Band heterotopia
Interictal events
Three studies were performed in this group (one patient had two types of interictal events). An activation was observed in the two patients. In Patient 7 (Fig. 7) , we observed an activation in the heterotopic band and in the overlying cortex for the two types of interictal events. Patient 8 (Fig. 8) presented an activation in the thalami and in a small area of the normotopic cortex, in the posterior central gyrus, bilaterally. Deactivation was also found in both patients. For Patient 7 the deactivation involved the lesion and spread over the normotopic cortex in the posterior areas. Patient 8 presented a large area of deactivation over the lesion, including the maximum t-value. The normotopic cortex was also involved, with a smaller t-value.
Ictal events
A positive response was again obtained for both patients. Activation was found mostly in the heterotopic cortex in both cases (maximum t-value). While Patient 7 (Fig. 7) presented a large activation covering almost the entire lesion, activation in Patient 8 (Fig. 8) involved only a restricted part of the heterotopic band, posteriorly. Activation was also seen in the overlying normotopic cortex in both cases, but compared to the normotopic cortex activation, this involved a smaller area and had a low t-value. Patient 8 showed a thalamic activation, as for interictal events. Deactivation was found in both patients outside the lesion and in normotopic cortex adjacent to activation.
Discussion
Two main points stand out from our study. First, we demonstrated that we could record and analyse electrical or small clinical seizures using the EEG/fMRI method in several epileptic patients non-specifically selected for their seizure frequency. We obtained relevant results for all the patients studied. We showed that the EEG-fMRI technique provides additional information about the generators and structures involved in interictal and ictal epileptiform events compared to the usual exploration in epilepsy (invasive intracranial study limited by a low spatial sampling, interictal study not possible in SPECT). Secondly we could compare in these MCD patients, the structures involved in the interictal and ictal events recorded during the same MRI session. We found that BOLD changes in response to epileptiform activity varies with the type of MCD, supporting the notion that defects occurring at different time of embryogenesis lead to a variety of neuronal organizations and electrophysiological changes. In focal cortical dysplasia and band heterotopia, interictal and ictal epileptic activities involved the lesion and apparently the same neuronal groups. In nodular heterotopia, however, we found a discrepancy between the structures involved during interictal and ictal discharges, as seizures seemed to originate in the cortex overlying the malformation, whereas spikes appear generated in heterotopia and cortex, and not overlapping with the epileptogenic area, supporting previous findings in the same type of patient, but studied with invasive electrophysiological methods.
The EEG-fMRI technique in the study of epilepsy is still mostly based on BOLD changes related to interictal epileptiform events. However, the definition of the epileptogenic zone requires ictal studies. One aim of this study was to provide some information about the location of the irritative and epileptogenic zones. The interest of the EEGfMRI in the localization of interictal events generators has already been validated by several studies demonstrating the predominance of the BOLD increase at the source of interictal activity Al-Asmi et al., 2003; Bagshaw et al., 2004 Bagshaw et al., , 2006 Bénar et al., 2006) . This ability Ictal event starts by a C3^P3^O1 spike activity followed by left parietal fast activity. For both types of events, the activation involved the dysplasia. Concerning the ictal event, BOLD increase is more diffuse and involved the entire dysplasia and connected areas.
to localize these generators opened additional prospects in presurgical exploration (Zijlmans et al., 2007) . For ictal events, interpretation of the results is limited by the ability to discriminate clearly the ictal onset zone from the structures involved during the propagation. Statistical considerations are such that temporal analysis could only separate with confidence focal from propagated activity if propagation was consistently more than one TR (between 2 and 3 s in our study). Despite this limitation, we argue that the highest t-statistic is most likely to represent the focus rather than a region of propagation. Indeed, first the highest change in metabolism during a seizure is most likely to take place at the focus. Since the first stimulation studies of Penfield (1933 Penfield ( , 1937 , it has been shown that during a seizure a local hyperperfusion occurs at the seizure onset zone. This hyperperfusion reflects the highest neuronal activity located at the seizure onset zone. Ictal SPECT studies used this hyperperfusion analysis to localize the seizure onset zone (Stefan et al., 1990; Duncan et al., 1996 Duncan et al., , 1997 Van Paesschen, 2004) . FMRI technique measures the BOLD changes related to an event, reflecting indirectly the neuronal activity through blood flow modification (Logothetis and Wandell, 2004) . Ictal SPECT and EEGfMRI analysing similar pathophysiological phenomena, the fMRI method should provide equivalent results as ictal SPECT. Compared to ictal SPECT, the simultaneous recording of EEG and fMRI analyses ictal events according to their duration and therefore increases the specificity of the results. This technique allows also the study of brief discharges for which a post-ictal injection is usually obtained during SPECT (Van Paesschen, 2004) . Secondly, the statistical analysis Worsley and Friston, 1995; Worsley et al., 2002) is performed in order to compare the signal at each voxel with a model (regressor) including a rectangular shape corresponding to the whole seizure convolved with the haemodynamic function. The region best fitting this model (highest t-value) is a region for which metabolism changes from beginning to end of the seizure. And in this best fitting region, the higher is the BOLD signal amplitude, the higher would be the t-value. Thus, voxels with the same BOLD signal time course as the seizures and with the highest BOLD signal amplitude (corresponding to the hyperperfusion) should be in the seizure onset zone. Then, we suggest that the area with the highest t-value is likely to reflect the generator of the epileptiform event. Single case studies reported this correlation (Salek Haddadi et al., 2002 , Di Bonaventura et al., 2006 Kobayashi et al., 2006b ). In two of our patients (pts 4 and 5), intracranial exploration confirmed the epileptogenic foci suggested by the maximum t-value. For Patient 4 we found a maximum activation over the left amygdala concordant with the seizure onset in the left amygdala recorded with depth electrodes. For Patient 5, ECoG showed the seizure onset zone in the right anterior cingulate gyrus at the same location as the maximum BOLD activation. For patients without intracranial study, BOLD findings were similar to those of the literature using intracerebral exploration (see later). The number of ictal BOLD decreased bilaterally in the heterotopic and normal cortices and increased in the thalami during short burst of temporoparietooccipital rhythmic slow waves. (C) During seizures, activation in the heterotopic and normal cortices mostly between the right occipitotemporal gyrus and the right inferior temporal lobe and in the left inferior temporal lobule. Ictal onset showed a rhythmic bilateral occipital and right temporoparietooccipital discharges. BOLD changes involved the normotopic and the heterotopic cortices during interictal and ictal epileptiform events. A deactivation was observed in the case of interictal events. These changes were predominant in the heterotopic cortex.
events did not affect the reliability of our results. However in case of a presurgical exploration in order to confirm the seizure onset zone location, additional recording can be performed safely (as is currently performed in ictal SPECT study). Finally, interictal and ictal EEG-fMRI provide valuable information about the structures involved during those events and could suggest the location of their generator. To confirm the interest of EEG-fMRI in defining the epileptogenic zone, further studies with systematic comparisons between fMRI and intracerebral results should be conducted in larger groups of patients and in other types of focal epilepsy.
Analysis of seizures in EEG-fMRI is complicated by the difficulty to predict seizure occurrence during the short time of recording and also by the artefacts generated by movements of the subject. Only single cases were so far reported (Salek Haddadi et al., 2002 , 2003a Federico et al., 2005b; Di Bonaventura et al., 2006; Kobayashi et al., 2006b) , and one study analysed only the pre-ictal state (Federico et al., 2005b) . We were able to record eight patients with ictal events during the MRI session. These patients were only selected because of the frequent occurrence of interictal events. We could not predict the occurrence of seizures before the recording. The 2 h session of EEG-fMRI recording increases the likelihood to record such events because of its prolonged duration and also because of alertness fluctuations. It is also not unusual for patients with MCDs to have very active epilepsy and frequent seizures. This explains the number of patients with ictal events during EEG-fMRI recording in our study. Ictal events were either electrical or clinical with no or small motion. For patients with small clinical seizures, we applied an additional motion correction in the general linear model using the six parameters of the EPI frames realignment as confounds. This decreased the risk of contamination by motion. The long recording is necessary to increase the likelihood to record epileptiform events but this creates some problems in interpreting the results. Indeed, the patients had to stay at rest during the recording but some of them fell asleep. The 'baseline' or residual BOLD signal after removing the other confounds (events, drift and motion) used in the analysis of the events could be different for each subject. The effect of baseline fluctuation is not well known, but statistically it could reduce the number of voxels with a significant BOLD response related to the event. Deactivation instead of activation during spiking activity has been observed in the focus in some patients recorded during sleep (Pasley et al., 2007; Shulman et al., 2007) . Further studies should be conducted in order to control these baseline fluctuations during prolonged fMRI recording (for epilepsy, cognitive task, sleep. . .).
These EEG-fMRI results of the first series of patients with ictal events are promising. For this study, eight patients were selected in a database of 159 patients. We kept all the patients with MCDs and with interictal and ictal events recorded during the same recording. Our study provided relevant results for each of those patients. This small number does not reduce the impact of our finding concerning the interest of the EEG-fMRI technique. Indeed, the database was obtained by selecting patients according to interictal activity occurrence and not to seizure frequency. We think that in a population of patients specifically selected for its high rate of seizures (sleep deprivation, drug reduction, presurgical exploration. . .) we could record both interictal and ictal events in a good proportion of patients with probably the same reliability that we showed in this study. In such a context, we would recommend to watch closely the patient during the recording, as we did. In our current protocol, a neurologist is always watching the EEG and the patient with video, and is ready to intervene rapidly in case of a clinical seizure to avoid secondary injury.
The recording of interictal and ictal events in the same MRI session gave us the opportunity to compare noninvasively, electrophysiological and haemodynamic changes in the irritative and epileptogenic zones in three different types of MCD.
Nodular heterotopia
In patients with gray matter nodular heterotopia, BOLD changes inconsistently involved the lesion during interictal discharges. Two patients presented a clear involvement of the heterotopia but in the other two patients the overlying and distant cortices were mostly involved. The patients without heterotopia involvement were recorded with the 3 T scanner. Because the 3 T scanner has a better sensitivity than the 1.5 T scanner (Krasnow et al., 2003) , these discrepancies cannot be explained by the power of the magnetic field. Patient 3 underwent a left temporal resection several years prior to the recording. The effects of surgery on BOLD studies are not known. However, BOLD changes obtained for this patient were in accordance with the electrical field of the interictal and ictal abnormalities; the effects on these results of surgery contralateral to the epileptic events are most likely minimal. In a previous study of patients with grey matter heterotopia, Kobayashi et al. (2006a) showed in patients with nodules that BOLD changes were observed inside the nodules in six studies and in the overlying or distant cortex in 10 studies. Ictal BOLD responses were more consistent and the maximum t-value always involved the overlying cortex or distant areas and never the heterotopia. For our Patient 1, Kobayashi et al. (2006a) demonstrated in a previous study that BOLD changes in the heterotopia had a much lower level of significance than that of the overlying cortex, indicating that the heterotopic activation could reflect a spread more than the real focus of the seizure.
The ability of the nodular heterotopia to generate epileptic activity is still debated. Our findings suggest that interictal epileptiform activity can be generated by the nodules, but seizures are more likely generated by the cortex overlying the malformation. The intracerebral study of Patient 4 confirmed a seizure onset zone outside the lesion, but nodules were sometimes involved during seizure propagation, suggesting interconnections. Previous intracerebral studies in patients with gray matter heterotopia also showed variable results. Interictal activity was generated independently in the heterotopia or in the overlying cortex (Preul et al., 1997) or in both structures simultaneously Aghakhani et al., 2005; Battaglia et al., 2006) . Different ictal patterns were also described in the literature: (i) seizure onset in the overlying cortex with or without simultaneous activity in the heterotopia (Tassi et al., 2005; Battaglia et al., 2006; Stefan et al., 2007) ; (ii) independent seizure onsets in heterotopia (usually without clinical signs) and in the overlying cortex (Aghakhani et al., 2005) ; (iii) electrical stimulation of overlying cortex triggers usual aura or clinical seizures, but is ineffective in nodules (Tassi et al., 2005) . Most of these studies minimized the role of the nodular heterotopia in seizure generation. Only one study suggested that the seizure onset zone could be in the malformation itself (Kothare et al., 1998) , but because of the implantation protocol, the overlying cortex was not sampled simultaneously during the recordings. The immaturity of the GABA receptors in heterotopia neurons could explain the spontaneous hyperexcitability necessary to generate at least interictal discharges (Hannan et al., 1999; Ben-Ari, 2006) . Clearly, however, those electrophysiological studies and the haemodynamic responses observed in our EEG-fMRI study, provide little evidence for an important role of the nodules in seizure generation (even if we cannot exclude with standard MRI sequences very subtle gray matter heterotopia in our BOLD responses area). Neuronal connections between nodules and between nodules and cortex (Hannan et al., 1999; Kakita et al., 2002) may have a role in synchronization and amplification of the cortical neuronal activity. Heterotopia are commonly associated with a structural disorganization of the overlying cortex (pachygyria, polymycrogyria, dysplasia and even atrophy seen in histological specimens) or in a distant area (e.g. hippocampus atrophy and developmental defects of the hippocampal formation) (Baulac et al., 1998; Hannan et al., 1999; Aghakhani et al., 2005; Bernasconi et al., 2005; Tassi et al., 2005) . All these developmental changes are known to generate seizures.
Focal cortical dysplasia
In the two patients with focal cortical dysplasia, BOLD changes (activations) overlapped in the lesion during interictal and ictal events, suggesting common neuronal generators. Intrinsic epileptogenicity of the dysplastic lesion was confirmed during per-operative ECoG in Patient 5 (15 months after surgery, the patient is still seizure-free). Interictal activity induced more confined BOLD changes (only part of the lesion involved) compared to the haemodynamic changes seen during seizures. In Patient 6, with a much larger dysplasia, there was again an overlap of the two zones, but the irritative zone was much smaller and located at the periphery of the lesion. In both cases, BOLD changes also involved distant areas suggesting some connecting pathways with the lesion.
Similar patterns of BOLD response were commonly found in the lesions and distant areas involved in the epileptic network in previous interictal EEG-fMRI studies of focal cortical dysplasia Federico et al., 2005a; Kobayashi et al., 2006a) . All these studies showed that a part of the lesion is able to generate interictal activity. During ictal discharges, our study showed that a similar group of neurons was involved. The larger activation in the lesion suggests a more intense neuronal activity with higher blood flow changes during the seizure. Moreover, during interictal and ictal discharges, activated distant areas were similar, implying the involvement of a common epileptic network.
Intracerebral recording showed that the typical rhythmic spike discharges (Palmini et al., 1995; Dubeau et al., 1998) observed in scalp EEG (Raymond et al., 1995 , Gambardella et al., 1996 and similar to what was seen in our patients, is clearly generated in the lesion itself. Intracerebral recordings demonstrated that the seizures are also generated in the dysplastic cortex (Palmini et al., 1995; Rosenow et al., 1998; Chassoux et al., 2000; Boonyapisit et al., 2003) . Moreover, epileptogenic and irritative zones have been shown to overlap; the first being defined in the area of maximal interictal activity (Chassoux et al., 2000) (irritative zone). Our EEG-fMRI findings are therefore in full agreement with intracerebral studies.
Band heterotopia
In patients with band heterotopia, both the normo-and heterotopic cortices showed haemodynamic changes during ictal and interictal epileptiform events. Interictal discharges involved a smaller part of the network while seizures were associated with large and widespread BOLD responses. During ictal events, the two patients presented a positive BOLD response in the band and in the normal cortex with a higher t-value than during interictal events. We found a BOLD change in the heterotopic band during interictal events, but Patient 7 had an increase of BOLD in the band while Patient 8 presented a large deactivation in the entire double cortex. This difference could be explained by two mechanisms. First, the patients had a different baseline (Patient 8 was sleeping). Deactivation or activation could both reflect an active process and the presence of a positive or a negative response could depend on the level of the BOLD baseline for the same neuronal activity (Pasley et al., 2007; Shulman et al., 2007) . Thus, deactivation can represent an active process during sleep (Jacobs et al., 2007) . Second, the type of interictal events was different for the two patients: one had bursts of polyspikes and the other bursts of slow waves. Paroxysmal slow-wave activity has been correlated with decrease of neuronal activity, in normal slow-wave sleep and in epileptic disorders during the post-ictal period or in spike and wave discharges (Gloor, 1978) . In addition, Kobayashi et al. (2006c) observed a decreased BOLD response when spikes were associated with slow waves.
We showed that in both types of epileptic events, BOLD changes involved simultaneously the heterotopic and normal cortices. The role of the heterotopic band in generating the interictal and ictal discharges is not well understood. Rat models of band heterotopia (tish rat model) showed that the overlying cortex is sufficient to generate seizures (Schottler et al., 1998; Chen et al., 2000) . Very few intracerebral EEG recordings of the heterotopic band were reported in humans. Interictal epileptiform activity has been recorded acutely directly from the heterotopic cortex, synchronously or not with the normal cortex (Morrell et al., 1992) . Also, spontaneous rhythmic discharges reflecting electrical seizures in the heterotopic cortex (Bernasconi et al., 2001) or synchronous ictal discharges in both normo-and heterotopic cortices were observed (Mai et al., 2003) . At the moment, we do not know which part of the double cortex is responsible for seizure generation. This distinction is especially hard to make because activity of the heterotopic cortex seems highly correlated with that of the normal cortex, which is consistent with the strong neuronal interconnections existing between the two (De Volder et al., 1994; Iannetti et al., 2001) . The BOLD responses were always larger in the heterotopic cortex, indicating that both the interictal and ictal events could be generated in the heterotopia. This difference of BOLD response between the two cortices probably reflects a difference of the neuronal activity and not of the neuro-vascular coupling. Previous studies in double cortex patients with fMRI during motor or cognitive tasks (Pinard et al., 2000; Iannetti et al., 2001; Spreer et al., 2001; Keene et al., 2004; Briellmann et al., 2006) never demonstrated neuro-vascular coupling disturbance in the heterotopic cortex compared to the normal cortex.
The particular cellular organization of the double cortex could facilitate the generation of ictal discharges in the heterotopic band. Close neuronal interconnections with the normal cortex allow a focal and fast spread of the discharge that can then be seen on the scalp EEG because the normal cortex is more superficial. The double cortex is a diffuse cortical developmental malformation, but surprisingly patients with this anomaly often have multiple focal epileptic generators as reflected by their clinical and EEG patterns. The important and extended BOLD changes seen in our two patients and mainly in the heterotopic lesion during ictal events, suggest that there is more than a single focus or that the generator involves an extended portion of the malformation in this type of MCD. Indeed, patients with a double cortex have a poor surgical outcome after attempts to remove a single epileptic focus and limited portion of the epileptogenic lesion (Bernasconi et al., 2001 ).
Ictal imaging is a challenging but essential step for the understanding of epileptic discharge generation, particularly in the context of a presurgical evaluation. Ictal SPECT plays a major role in this context, but it is rarely successful when seizures are short and it often does not provide a very precise localization. It also does not allow the comparison of ictal and interictal discharges (the interictal SPECT is not specific to the time of EEG spikes but reflects the background EEG state). Even if this technique needs further methodological improvement to correct some issues such as the control of the BOLD baseline, we demonstrated that the analysis of BOLD changes during interictal and ictal events in eight MCD patients with difficult-to-treat epilepsies could bring relevant information about the structures involved. The haemodynamic or metabolic changes observed during interictal and ictal epileptiform events corroborate previous studies done with EEG-fMRI and with intracerebral recording. Moreover, BOLD changes obtained in two of our patients were consistent with intracranial EEG recordings done after our exploration. In MCD patients, we demonstrated that the neuronal networks involved in the generation of the epileptic activity are different for each type of lesion reflecting different neuronal organizations. We showed that the EEG-fMRI technique can be used safely in selected patients with epilepsy to define the irritative and epileptogenic zones. It is also conceivable that fMRI could be used to determine if epileptogenic lesions are involved in cognitive processes, as has been done with intracerebral EEG (Kirschstein et al., 2003) .
Supplementary material
Supplementary material is available at Brain online.
